Decorin is a ubiquitous extracellular matrix proteoglycan with a variety of important biological functions that are mediated by its interactions with extracellular matrix proteins, cytokines, and cell surface receptors. Decorin is the prototype of the family of small leucine-rich repeat proteoglycans and proteins (SLRPs), characterized by a protein core composed of leucine-rich repeats (LRRs), flanked by two cysteine-rich regions. We report here the crystal structure of the dimeric protein core of decorin, the best characterized member of the SLRP family. Each monomer adopts the curved solenoid fold characteristic of LRR domains, with a parallel ␤-sheet on the inside interwoven with loops containing short segments of ␤-strands, 310 helices, and polyproline II helices on the outside. Two main features are unique to this structure. First, decorin dimerizes through the concave surfaces of the LRR domains, which have been implicated previously in protein-ligand interactions. The amount of surface buried in this dimer rivals the buried surfaces of some of the highest-affinity macromolecular complexes reported to date. Second, the C-terminal region adopts an unusual capping motif that involves a laterally extended LRR and a disulfide bond. This motif seems to be unique to SLRPs and has not been observed in any other LRR protein structure to date. Possible implications of these features for decorin ligand binding and SLRP function are discussed.
D
ecorin is a small extracellular matrix proteoglycan present in a variety of connective tissues, typically in association with or ''decorating'' collagen fibrils (1) (2) (3) . It is involved in several fundamental biological functions, including the formation and͞or organization of collagen fibrils (4, 5) and the modulation of cell adhesion mediated by fibronectin and thrombospondin (6) . Decorin also modulates the activity of growth factors, such as transforming growth factor-␤ (7), and has other, transforming growth factor-␤-independent effects on cell proliferation and behavior (8, 9) .
Mammalian decorin contains a protein core and a single chondroitin͞dermatan sulfate glycosaminoglycan (GAG) chain, attached to a serine residue near the N terminus (10) . Decorin is the best characterized member of the growing family of small leucine-rich repeat proteoglycans and proteins (SLRPs) (3, 11) , all having a domain of tandem leucine-rich repeats (LRRs), flanked on either side by clusters of conserved Cys residues. Most SLRPs have been grouped into three different classes on the basis of gene organization, amino acid sequence similarity, number of LRRs, and the spacing of Cys residues in the N-terminal segment. Thus, class I includes decorin, biglycan, and asporin; class II includes fibromodulin, osteoadherin, lumican, proline arginine-rich end LRR protein (PRELP), and keratocan; and class III includes opticin, osteoglycin͞mimecan, and epiphycan͞PGLb (3, 12) . Three further proteins, extracellular matrix 2 (ECM2), chondroadherin, and nyctalopin, have LRR domains with significant homology to the SLRP family (12) . The structural and functional similarities between different SLRPs suggest that they share biological functions. For instance, several SLRPs are known to regulate collagen fibrillogenesis, and there is evidence that they are able to compensate for each other in studies on knockout mice (11) . Conversely, the wide variation in their expression patterns would indicate that their functions are regulated in a cell-or tissue-specific manner.
The LRR motif is very widely distributed and has been found in Ͼ100 intracellular, cell surface, and extracellular proteins (the LRR superfamily) (13, 14) . Several crystal structures of LRR domains have been determined (15) (16) (17) (18) (19) . All of them adopt a curved solenoid fold, with a parallel ␤-sheet forming the inner concave face and a variety of secondary structure topologies forming the outer convex face. To date, crystal structures of complexes of LRR domains with their protein ligands have shown that the concave surface contains the ligand-binding sites (16, 20, 21) . It has been assumed that decorin and SLRPs interact with their ligands in the same way (3, 22) . However, biophysical analyses have demonstrated that decorin is dimeric in solution, and low-angle x-ray scattering data have suggested that the concave surfaces are involved in dimerization, potentially making them unavailable for ligand-binding (23) . A recent article suggested that decorin is in fact a monomer and that dimerization is artifactual (24) . However, the crystal structure of the decorin dimer presented here confirms that the concave surfaces mediate dimerization in a highly specific and conserved manner, almost certainly precluding artifact. The highly specific selfrecognition by an LRR domain suggests that current models of decorin-ligand interactions need to be reevaluated.
Materials and Methods
Sample Preparation, Characterization, and Crystallization. Two different decorin samples have been used in this study: a recombinant decorin (DcnR), expressed in HEK 293A cells and purified without chaotropic agents, and a tissue-derived decorin (DcnT), extracted from calfskin and refolded from solutions containing urea. Both forms have been shown to be biologically active as they interact with collagen, inhibit collagen fibrillogenesis, and inhibit fibroblast proliferation (9, 25) (Fig. 5 , which is published as supporting information on the PNAS web site). The core proteins were prepared by removal of the GAG chain as described in ref. 23 . Further details of the biochemical characterization of both samples are given in Supporting Methods, which is published as supporting information on the PNAS web site.
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Abbreviations: DcnR, recombinant decorin; DcnT, tissue-derived decorin; GAG, chondroitin͞dermatan sulfate glycosaminoglycan; LRR, leucine-rich repeat; RNI, ribonuclease inhibitor; SIRAS, single isomorphous replacement and anomalous scattering; SLRP, small leucine-rich repeat proteoglycans and protein.
Data deposition: The atomic coordinates and structure factors have been deposited in the KU͞CD Protein Data Bank, www.pdb.org (PDB ID codes 1XKU, 1XEC, and 1XCD).
Both light-scattering experiments (23) and sedimentation equilibrium (Fig. 6 , which is published as supporting information on the PNAS web site) indicate that decorin is dimeric in solution.
Crystals of both DcnT and DcnR were grown at 20°C by vapor-diffusion methods. Hanging drops (10 l) were prepared by mixing equal volumes of protein solution (2-3 mg͞ml) and 25% (vol͞vol) polyethylene glycol 400, both in 0.06 M Tris (pH 7.75)͞0.01% ␤-octyl D-glucoside͞0.02% sodium azide. The drops were allowed to equilibrate against 1 ml of the same polyethylene glycol solution. Orthorhombic plate-like crystals appeared within 2 or 3 days and grew to 0.2-0.3 mm in the longest dimension in Ϸ2 weeks. Crystals suitable for x-ray diffraction were mounted in cryoloops (Hampton Research, Aliso Viejo, CA), flash-cooled, and stored in liquid nitrogen until used for data collection. Derivatives were prepared by soaking crystals overnight in 0.5 mM mercury(II) acetate dissolved in precipitant and then soaking in precipitant solution for several minutes immediately before flash-cooling and x-ray diffraction.
Structure Determination and Refinement. Both decorin forms gave crystals in two different space groups, C222 1 and P2 1 2 1 2 1 , which were indistinguishable by visual inspection. Several complete sets of data from native and derivatized DcnR and DcnT crystals were collected at different in-house and synchrotron sources, and structures were determined for DcnR and DcnT in each space group. Tables 1 and 2 show the statistics for the two most representative forms, and additional data are summarized in Table 3 , which is published as supporting information on the PNAS web site. See Supporting Methods for details of data collection and processing for all crystal forms. The native data for C222 1 DcnR were collected with very high redundancy (Table 1) , and anomalous data were measured.
Phases for the C222 1 DcnR form were determined by using single isomorphous replacement and anomalous scattering (SIRAS) methods. A first mercury site was located manually in an isomorphous difference Patterson map. A second major mercury site was located by using XHERCULES from XTALVIEW (26) , and four more (minor) sites were located in difference Fourier maps calculated by using SHARP (27) . Initial SIRAS phases calculated by using SHARP were improved by density modification by using RESOLVE (28) with a nominal solvent content of 50% (optimized by trial and error). The resulting electron density maps showed a solvent-protein boundary and an internal structure in the protein electron density consistent with an LRR domain. Essentially identical maps were obtained for the C222 1 DcnT form by using a single mercury derivative (Table 3 ). All model building was carried out on the DcnR form, using the programs XFIT (26) and CHAIN (29) . The orientation of the peptide chain and the positions of the N-and C-terminal disulfides were unambiguously assigned with the help of an anomalous Fourier map, calculated by using anomalous differences measured in the DcnR native data (Table 1 ) and the density-modified SIRAS phases. This anomalous difference map showed clearly 9 of 10 sulfur atoms present in the asymmetric unit. No sulfur peak was observed for Met-21, probably because of N-terminal conformational disorder. The map obtained from density-modified SIRAS phases was sufficiently connected to build a partial model of the concave side of the central 10 LRRs. To help in model building on the convex side, density-modified SIRAS phases were further improved by repeat-to-repeat map averaging, using the RAVE suite (30) . Model fitting was routinely checked by simulated-annealing omit maps calculated by using CNS (31) . Rebuilding and extension of the model eventually led to the fitting of residues 22-326 of mature decorin (which correspond to amino acids 52-356 of the unprocessed decorin gene product). Water molecules were added to difference maps at a late stage in the refinement (R factor Ͻ 0.25) and kept only when showing both clear density in 2mF o Ϫ DF c maps and good hydrogen-bonding connectivity. Final refinement (using CNS) was carried out by simulated annealing dynamics and energy minimization, using a maximum likelihood target function. The final model contains residues 22-326 of the mature protein and the first N-acetylglucosamine sugar residue on each of three N-linked oligosaccharides (Asn residues 182, 233, and 274). No ordered density was observed for either the 14-aa propeptide (see Supporting Methods) or residues 1-21 of the mature protein, which contain the GAG attachment site. Western blotting of protein recovered from crystals, using a mAb whose epitope comprises residues 6-10 of mature decorin (32) , confirmed that this sequence had not been lost by proteolysis and suggested that the lack of interpretable density was due to conformational disorder. Ribbon and molecular diagrams were prepared with SETOR (33) . Surface representations were prepared with PYMOL (34) .
Structures of DcnT and DcnR in the P2 1 2 1 2 1 crystal form were determined by molecular replacement using AMORE (35) and MOLREP (36) , with a probe generated from the refined 2.15-Å DcnR C222 1 . Refinement proceeded as with the C222 1 forms, and no significant differences were observed between the DcnT and DcnR types. Final statistics for the P2 1 2 1 2 1 crystal forms are included in Tables 2 (DcnT) and 3 (DcnR).
Results and Discussion
Overall Structure. The refined structures for DcnR and DcnT, although varying in quality, were not significantly different. All figures and the analysis presented hereafter are therefore based on the highest-quality crystal structure, DcnR refined to 2.15 Å in the C222 1 space group (Table 2) . In all crystal forms, DcnR and DcnT dimerize in the antiparallel arrangement shown in Fig.  1a . In the C222 1 crystal forms, the dimer axis is aligned with a twofold crystallographic axis. In the P2 1 2 1 2 1 crystal forms, the dimer axis is tilted Ϸ10°with respect to the same crystallographic axis (data not shown). Otherwise, the two dimers in the different crystal forms are indistinguishable (dimer-to-dimer C ␣ rms deviations 0.32-0.36 Å).
Each monomer is a single-domain structure with the righthanded, curved solenoid fold characteristic of LRR proteins (Fig. 1a) . Each domain contains 12 LRRs (numbered I to XII), flanked by a ␤-hairpin at the N terminus and an additional ␤-strand at the end of LRR-XII (Fig. 1b) . The long ␤-sheet that forms the inner, concave face comprises 14 ␤-strands. Each LRR contributes one ␤-strand (␤1-␤12) before coiling its way toward the next repeat. The hairpin at the N terminus provides an additional ␤-strand (␤0) that is the only one running antiparallel to the rest, and the final strand ␤13 knits the C terminus of the solenoid closed. The outer, or convex, face is defined by the less-conserved parts of the LRRs, which adopt a variety of secondary structure motifs (see below).
The 12 LRRs vary in length from 21 to 30 aa, following a short-long-long regular pattern throughout the molecule (Fig.  1b) . The first nine LRRs show an almost perfect 21-24-24 pattern, with LRR-VI, at the center of the molecule, having two additional amino acids to give a length of 26. The last three LRRs also show a short-long-long pattern, this time 23-30-27. The structural elements on the convex face vary according to the repeat length. The shortest LRRs (21 residues) show two short segments in a polyproline II conformation. The most common LRRs (24 residues) show one short ␤-strand followed by a variable region with ␤-turns and short segments of 3 10 helix. The rest of the LRRs appear to be intermediate between these two types. Wherever two 24-residue LRRs are adjacent, a short parallel ␤-sheet occurs at the convex side (Fig. 1b) , a feature that Yellow highlight, LRR consensus residues; red highlight, Cys residues; green highlight, consensus residues for the 24-aa repeat; cyan highlight, consensus residues for the 21-aa repeat; blue highlight, Asn residues with oligosaccharide substituents; red boxes, amino acids that contribute to ␤-sheets.
also happens between repeats V and VI, which are 24 and 26 residues long, respectively. Based on hydrogen-bonding connectivity, repeat X contains a single turn of ␣-helix.
The overall curvature of the decorin LRR domain is consistent with that seen in other crystal structures of LRR proteins with repeats of similar length (16) (17) (18) (19) . These ''banana''-shaped molecules (18) contrast with the more closed ''horseshoe''-like structure of ribonuclease inhibitor (RNI), which previously had been used to generate a homology model for decorin (22) . RNI differs from these other LRR proteins in that it contains longer repeats (28-29 aa) with ␣-helices on the convex side imposing a tight curvature.
The N-terminal capping motif contains a cluster of Cys residues conserved in the SLRP family and buries the hydrophobic core of the first LRR. Four Cys residues form a disulfide knot (Cys-25-Cys-31 and Cys-29 -Cys-38) between the ␤-hairpin and LRR-I. This N-terminal capping motif, essentially equivalent to the one seen in the Nogo receptor (18, 19) , does not form a separate domain but integrates seamlessly in the LRR architecture.
''Ear'' Repeats and the C-Terminal Disulfide. LRR-XI is the longest repeat in decorin (Fig. 1b) . This repeat, which we will refer to as the ''ear'' repeat, extends laterally from the main body of the dimer (Fig. 2) and contains a conserved Cys residue that forms a disulfide bond with another Cys residue in the final LRR-XII (Cys-284-Cys-317) (Fig. 2 a and c) . The ear repeat, which is always second to last, seems to be a distinctive feature of the SLRP family (Fig. 2c) , with the ear itself spanning from the first conserved C-terminal Cys to the beginning of the last LRR. This feature has not been observed in other LRR structures reported to date. Ear repeats have different lengths (Fig. 2c) , typically 30 (classes I and III) or 31 (class II) aa. Class II SLRPs keratocan and PRELP have especially long ear repeats, with 38 and 39 aa respectively. ECM2 has an ear repeat of 29 aa. Two other SLRPs, chondroadherin and nyctalopin, seem to use a different type of C-terminal disulfide capping.
The first 18-19 residues in each ear repeat follow a conserved pattern similar to that in other LRRs, with hydrophobic residues pointing in and polar residues pointing out. Residues within the ear per se are not highly conserved (Fig. 2c) , suggesting the possibility of functional specialization, such as ligand binding, in different SLRPs. The decorin ear contains two short segments of polyproline II conformation, but the structure is probably different in other SLRPs. The last four residues return to a more conventional LRR architecture.
The Dimer Interface. The two monomers in the dimer interact through their concave faces (Fig. 1) . The dimer interface is contiguous and extends from the N-terminal capping to more than three-quarters of the length of the concave face ␤-sheet (Fig. 3) . The total buried surface in the dimer is Ϸ2,300 Å 2 , comparable to that in complexes of RNI with ribonuclease or angiogenin (2,600 Å 2 ) or glycoprotein Ib␣ with von Willebrand factor A1 domain (2,100 Å 2 ) (16, 20, 21) . Such large contact surfaces are associated with very high binding affinities, such as Yellow, conserved residues; red, conserved Cys residues; green, partially conserved residues; cyan, partially conserved Pro residues indicative of polyproline II conformation; magenta, polar residues occupying hallmark LRR hydrophobic sites. The blue double-headed arrow indicates the extent of the ear. Ear repeats in keratocan and PRELP are significantly longer than those for all other SLRPs and, therefore, are shown as containing insertion loops. The decorin sequence is that of the bovine protein; all others are of human proteins.
in the RNI-angiogenin interaction (K i Ͻ 1 fM) (21) . The large contact area in the decorin dimer interface thus seems consistent with the high affinity (subnanomolar) estimated from lightscattering experiments (23) . Conservation of surface residues at the concave face of class I SLRPs follows closely the footprint of the dimer interface (Fig. 3b) , suggesting that both biglycan and asporin may dimerize in the same way (see below).
Amino acids involved in direct contacts at the dimer interface belong to the first ␤-turn in the N-terminal capping and to strands from ␤0 to ␤10. The extent and nature of these interactions is consistent with a high-affinity complex: several aromatic and hydrophobic residues are buried, and there are several salt bridges and extensive hydrogen-bonding between the two monomers (Fig. 4) . Moreover, many structural water molecules participate in the dimer interaction by bridging additional groups from the two monomers (Fig. 7a , which is published as supporting information on the PNAS web site). The aromatic ring of Phe-27, in the N-terminal capping of one monomer, is sandwiched between two His aromatic rings from ␤8 and ␤10 of the other monomer (Fig. 4a) . Rings from His-246 and Phe-27 are stacked against each other, whereas the interaction between His-198 and Phe-27 is a CH⅐⅐⅐ hydrogen bond. Strand ␤10 carries residue Gly-222 in the position that corresponds to the two His residues above, leaving exactly the space required for Phe-27 to intercalate. This sandwich of rings is part of a six-layered group of residues forming a hydrophobic array (Fig. 4a) . This noteworthy structural feature is contiguous to an extensive network of hydrogen bonds, salt bridges, and additional hydrophobic interactions between the monomers (Fig. 4b) .
It is of interest that His residues are critically involved in the dimer interface, because their ionization state could potentially modulate dimer formation (pI 7.47). We did, however, obtain crystals with identical morphology over a wide range of pH values, between 6 and 9 (data not shown). Furthermore, the light and x-ray scattering experiments were performed at pH 7.0 (23). These observations would argue against the charge of His residues having a critical effect on dimer stability.
The arrangement of monomers in the crystal structure is consistent with the x-ray scattering profile of decorin core protein in solution (23) . This finding strongly suggests that the core protein of decorin crystallizes from preexisting dimers in solution identical to those in the crystalline lattice. This dimer arrangement is perfectly compatible with the GAG-containing intact proteoglycan, because both N-terminal ends point away from the dimer interface (Fig. 2b) .
Biglycan has been reported to form dimers reversibly in solution (37) , and recent evidence from our laboratories indicates that opticin, a class III SLRP, also exists as a stable dimer in solution (38) . An analysis of the conservation of residues involved in decorin dimerization across the SLRP family strongly suggests that the three class I SLRPs dimerize in the same way (Fig. 3b) . In particular, most of the residues depicted in Fig. 4 are conserved in biglycan and asporin, including the intercalation pair Phe-27-Gly-222. An interesting exception is Arg-28 (Gly in both biglycan and asporin). This residue adopts a strained ␣ L conformation in decorin (data not shown), which could be released by a change to Gly in the same position.
A recent paper (24) suggests that biologically active decorin is monomeric and that dimerization is an artifact of lyophilization. We used the same decorin forms for biophysical solution studies (23) (Fig. 6 ) and crystallization and have shown them to be biologically active (Fig. 5) . In addition, we have prepared DcnR without freezing or lyophilization at any stage and verified that it is entirely dimeric (P.G.S., unpublished data). The crystal structure now confirms the quaternary arrangement proposed on the basis of x-ray scattering (23) and shows a very specific dimerization interface, which is incompatible with nonspecific multimerization.
Implications for Decorin-Ligand Interactions. It has been widely assumed that horseshoe-shaped SLRPs interact with collagen molecules through their concave surfaces and that the inner space in the horseshoe molecule can accommodate only a single collagen triple helix (11, 22) . Our findings challenge this view. The decorin LRR domains are banana-shaped rather than horseshoe-shaped, which is likely to be the case for all SLRPs. This more open structure simply results from the shorter LRR length in all SLRPs compared with the LRR length in the RNI structure, and it seems incompatible with a tight interaction with a single collagen triple helix. Furthermore, at least in the case of decorin, the concave surface is involved in a high-affinity dimer interaction and, therefore, is unlikely to be available for ligand binding, although available data cannot rule out the possibility of dimer-to-monomer transitions in decorin-ligand interactions. Analysis of electrostatic charge distribution does not indicate any obvious clustering of charged residues that could suggest a ligand-binding site (Fig. 7b) . Assuming that decorin binds ligands as a dimer, the disposition of N-oligosaccharides across one side of the dimer (Fig. 2b) suggests that this surface is not involved in protein-protein interactions. Conservation analysis across class I SLRPs does reveal a clustering of partially conserved residues on the sugar-free surface of LRRs IV-VI (Fig. 7c) , a region that has been implicated in collagen binding (39) . Further biochemical studies are needed to explore the molecular basis of the interactions between decorin and its many ligands. This crystal structure provides a valuable foundation for such studies.
